Abstract -We propose an efficient method to measure a pulse width using multiphase clock signals generated from a ring oscillator. These clocks, which have the same frequency and are evenly spaced, give multiple rising edges within a clock cycle. Thus, it is possible to measure a pulse width more accurately than with existing single clock-based methods. The proposed method is applied to a capacitive touch switch. Experimental results show that the capacitive touch switch with the proposed method gives a 118 fF resolution, which is 6.4 times higher than that of the touch switch with a single clock-based pulse width measurement method.
Introduction
Capacitive touch switches are widely used in many electronic devices such as MP3 players, TVs, computers, lamps, and wall switches because they give a soft-touch feeling and allow the design of slim products.
A capacitive touch switch determines if a finger touches an electrode based on the measurement of the capacitance induced by the finger and the electrode. A simple but effective way to measure capacitance is to measure the rise time of the voltage across the capacitance while the capacitance is being charged [1] [2] [3] . The rise time is proportional to capacitance; therefore, the accuracy of measuring the rise time can have a strong effect on the performance of a capacitive touch switch. The rise time can be represented as pulse duration by comparing the voltage across the capacitance with a threshold voltage while the capacitance is being charged. Thus, measuring the rise time has the same meaning as measuring the corresponding pulse width.
There are many methods to measure pulse width in many fields; these include the measurement of a noise pulse induced by a neutron and an alpha particle in advanced semiconductor integrated circuits [4] , a pulse width detector for use in a duty cycle corrector [5] , and pulse width measurement in a high-speed signal integrity test system [6] . For a highly accurate capacitive sensor, a sigma delta analog-to-digital converter (ADC) is used after the pulse width is converted into voltage or the capacitance is directly converted into voltage [7] . Such devices can measure a pulse width in picoseconds or nanoseconds, but are too complex to be used in a low cost capacitive touch switch.
A capacitive touch switch is usually integrated into a microcontroller unit (MCU) for a wide range of applications. It is an easy and cost effective way to measure rise time using a digital counter with the same MCU clock signal. This simple method is used in cost sensitive capacitive sensor applications [2] . The accuracy of this method is directly proportional to the clock speed; therefore, it is required to increase the clock speed to obtain higher accuracy. However, due to the low power nature of the MCU, it is not appropriate to increase the clock speed.
We propose a method to measure rise time using multiphase clock signals generated from a ring oscillator. A ring oscillator is used as an internal clock generator in modern MCUs, and consists of an odd number of inverters that are connected in a circular manner [8] .
Henceforth, we will use a five-stage ring oscillator, as shown in Fig. 1(a) , consisting of five inverters, from which ten clock signals with the same frequency but different phases are generated. The arrows in Fig. 1(b) indicate the rising edges of the corresponding clock signals. The clock signals are described by Eq. (1), where T is the duration of the clock signals and u(t) is the unit step function. Here, the clock φ 0 is used as a reference clock, CLK. We have
The proposed method uses the ten clock signals to measure rise time. As a result, it can increase accuracy more than single clock-based methods. The proposed method was applied to the capacitive touch switch described in [3] to show its effectiveness. Henceforth, touch switches with the proposed pulse width measurement and with the previous single clock-based pulse width measurement are called "the proposed scheme" and "the previous scheme," respectively, for comparison.
Experimental results show that the proposed scheme gives a 118 fF resolution, which is 6.4 times higher than the resolution of the previous capacitive touch switch [3] .
The rest of this paper is organized as follows. In Section 2, we describe the proposed method to measure rise time using ten clock signals. In Section 3, we describe how the method is applied to the capacitive touch switch described in [3] . We discuss our experimental results in Section 4, and we give our conclusions in Section 5.
Proposed Method to Measure Rise Time using Multiphase Clock Signals

Concept of the proposed idea
If a pulse whose length is 3.505 cycles is measured using clock CLK, the measured value becomes 3 cycles as shown in Fig. 2(a) . Because the proposed method, which uses tenphase clock signals, uses ten rising edges in a cycle, the measured value becomes 3.5 cycles as shown in Fig. 2(b) . Thus, the proposed method can give a more accurate result than a single clock-based method.
Pulse width measurement using a single clock
The previous method simply measures the rise time of an RC circuit using a single clock, whose basic concept circuit is shown in Fig. 3 . In the first step, capacitor C is discharged using SW2. In the second step, the capacitor is charged using SW1 and the n-bit counter N is increased until the voltage at node A reaches V TH . In this circuit, the output of the comparator is sampled by D flip-flop to prevent the counter from incurring a setup or hold violation. As the flip-flop is inserted between the comparator and the counter, the final value of the counter has one larger value than the actual value. Thus, we can obtain a correct value by decreasing the counter in the final step. Hereafter, we assume that the counter holds a corrected value after the final step.
The rise time t r of the RC circuit in Fig. 3 can be obtained by solving a first-order differential equation, and its measured value can be expressed as the product of the value in the counter N and the duration T of CLK, as shown in Eq. (2): 
Proposed method to measure rising time of rc circuit
The proposed circuit, shown in Fig. 4 , has an n-bit counter N, nine flip-flops S [9:1], and a register P [9:1] . The counter measures the rise time in clock cycles, and the nine flip-flops S [9:1] detect the transition point of the comparator's output in a single clock cycle by sampling the output at each clock's rising edge. As the values in the flipflops are updated every cycle, the values should be copied into register P before the information in the flip-flops disappears.
The timing chart for this circuit is shown in Fig. 5 . The circuit uses the STOP signal, shown in Fig. 4 , to control the n-bit counter N and the register P [9:1]. The circuit increases the counter and saves values of S [9:1] to register P until the STOP signal becomes one. After the STOP signal becomes one, register P [9:1] and counter N keep their values. However, the final value of the counter holds one larger value than the actual value; it should be corrected by decreasing the counter (this is not shown in Fig. 5) .
The final value stored in register P [9:1] is determined by the timing when the output of the comparator changes from zero to one. For example, if the output becomes one between the rising edges of φ 5 and φ 6 as shown in Fig. 2(b) , the value of P[9:1] becomes (1_1110_0000) 2 in binary number. In reverse, we can estimate the rising point of the output using the register P [9:1] . From the value (1_1110_0000) 2 in the preceding example, we can estimate that the rising point of the output is between φ 5 and φ 6 , which is approximately 50% of a cycle. Table 1 shows the meaning of the value stored in P [9:1] . The first column of the table indicates the timing of the rising edge of the output. The second column is the value stored in register P [9:1] , which is determined by the first column. The third column gives the meaning of the value in P [9:1] , whose unit is cycles.
Thus, the measured value of the rise time is represented by Eq. (3), where the function NZ(P) returns the number of zeros in register P:
This expression has an additional ( ) 10% NZ P × term compared to Eq. (2). Due to this term, the proposed method gives a more accurate result than the previous method. 
Capacitive Touch Switch with the Proposed Pulse Width Measurement Method
The proposed method was applied to the capacitive touch switch described in [3] , as shown in Fig. 6 . The capacitive touch switch is theoretically independent of clock frequency and resistance value if it is possible to measure rise times without error. It can also reduce the effect of temperature fluctuation because of a symmetric structure. The capacitances induced by metal plates and fingers are represented as C S0 and C S1 . Here, we consider parasitic capacitances C 0 and C 1 that are parallel to C S0 and C S1 , respectively (they are not shown in Fig. 6 ).
To measure the rise time t r0 due to the capacitance C S0 and resistor R, switches SW1 and SW2 are used for discharging and charging the capacitance C S0 , respectively, and the rise time is observed through counter N L and register P L as described in Section 2.3. In the same way, the rise time t r1 , due to the capacitance C S1 and resistor R, is observed through counter N R and register P R . Then the rise time and the measured rise time of t r0 and t r1 are described by Eqs. (4) and (5), respectively:
1 ln
Now, FuncH, is defined as a ratio of the rise times t r1 and t r0 , as follows:
Using Eq. (6), we can determine which plate is touched by a finger if we know the value of FuncH. Here, the measured rise times in Eqs. (4) and (5) 
The capacitive touch switch measures the rise times using the proposed method, and calculates the ratio of the rise times using Eq. (7). Then, the calculated value is applied to Eq. (6) to determine which plate is touched.
In the previous scheme, FuncK is defined as Eq. (8), which is conceptually identical to FuncH but only uses N R and N L because it only uses a single clock to measure the rise times. Thus,
The resolution of a capacitive touch switch is defined as the smallest detectable capacitance change [9] . To obtain the resolution of the circuit shown in Fig. 6 , C S1 is set as a variable while C S0 is fixed as a constant. Then, FuncH in Eq. (6) becomes a linear function, and the theoretical resolution is given by Eq. (9) using Eq. (6). Eq. (9) can also be expressed as Eq. (10) using sensitivity S, which corresponds to the slope of the linear function. Thus, ( )
Experimental Results
The capacitive touch switch with the proposed pulse width measurement was implemented as shown in Fig. 7 . Most of the circuits were implemented on a field-programmable gate array (FPGA) except the ring oscillator, flip-flops S [9:1] , and comparator, which were implemented with discrete parts. The MCU on the board controls the capacitive touch switch and interfaces with a PC for receiving commands and sending measured results.
Prior to our experiments, the ten-phase clock signals were observed to determine whether they are evenly spaced. In the proposed pulse width measurement method, it is assumed that the spaces between every two adjacent clock signals are identical. As this assumption is critical in this experiment, the clock signals were tuned experimentally by adding capacitors in the ring oscillator. The photo in Fig. 8   Fig. 6 . Capacitive touch switch in [3] with the proposed method to measure rise time.
shows that clock signals φ 0 and φ 1 are 10 MHz and 10 ns apart. In Fig. 9 , four clock signals, φ 0 , φ 1 , φ 2 , and φ 3 , are shown, and they are evenly spaced about 10 ns apart, as expected.
In the first experiment, the resolutions of both schemes were measured. A fixed 1.0 pF capacitor was connected to C S0 , and FuncH and FuncK were measured with capacitor C S1 in the range of 1.0 pF to 10 pF with 1.0 pF steps. The resistance value of the resistor in This experiment shows that the proposed scheme provided 6.4 times higher resolution than the previous scheme, because the proposed highly accurate pulse width measurement method directly affected the performance of the capacitive touch switch.
In the second experiment, the resolutions with various resistance values of resistor R were measured. Theoretically, the capacitive touch switch is independent of the resistance value if the rise times are measured exactly. However, the capacitive touch switch has quantization error because it measures the pulse width with clock signals; thus, the resistance value affects the performance as shown in Fig. 11 .
The resolutions for both schemes are degraded when the resistance value is low because the rise time is insufficient compared to the duration of the clock signals. This results in a large quantization error. However, the proposed scheme gives better results than the previous scheme because the proposed method can measure the pulse width with up to ten times higher accuracy than the previous scheme. When the resistance value is high, the quantization error is negligible because the rise time pulses are relatively long enough compared to the duration of the clock signals. Thus, the previous scheme and the proposed scheme yielded nearly the same result. However, due to the noise generated from the high value resistor, the resolutions of both schemes were degraded.
The two schemes are affected by the resistance value, but the proposed scheme gives a better result and is less sensitive than the previous scheme. Specifically, the proposed scheme gives a stable performance in the range of 50 KΩ to 1 MΩ.
In our last experiment, the relation between resolution and parasitic capacitance was shown. The performance of the capacitive touch switch is also affected by parasitic capacitances C 0 and C 1 . For this experiment, two additional capacitors with the same value were connected in parallel to C 0 and C 1 , respectively. The resolutions of both schemes were measured with various additional capacitance values.
The results are shown in Fig. 12 , and demonstrate that the resolution degraded as the additional parasitic capacitance value was increased. The performance of the two schemes became even worse from 478 pF, but the proposed scheme always gave better results than the previous scheme.
Conclusion
We have presented a pulse width measurement method using multi-phase clock signals for a capacitive touch switch. Because the method uses multiple edges of the clock signals, it has increased accuracy compared to the existing single clock-based method when measuring pulse width. The improved pulse width measurement scheme directly affects the performance of a capacitive touch switch. Experimental results show that the proposed scheme gives a resolution that is 6.4 times higher than that of the previous scheme.
